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Targeted MRI contrast agents have proven useful in research and clinical studies for highlighting specific metabolites and biomarkers [Davies GL, et . This paper describes a novel class of contrast agent that comprises a responsive material for contrast generation and an injectable polymeric matrix for structural support. Using this principle, we have designed a contrast agent sensitive to oxygen, which is composed of dodecamethylpentasiloxane as the responsive material and polydimethylsiloxane as the matrix material. A rodent inspired-gas model demonstrated that these materials are functionally stable in vivo for at least 1 mo, which represents an order of magnitude improvement over an injection of liquid siloxane [Kodibagkar VD, et al. (2006) Magn Reson Med 55(4):743-748]. We also observed minimal adverse tissue reactions or migration of contrast agents from the initial injection site. This class of contrast agents, thus, represented a new and complementary method to monitor chronic diseases by MRI.
implantable sensors | molecular imaging M RI is one of the most important clinical technologies for monitoring disease progression and is unique among imaging modalities in its ability to gather both high-resolution anatomical images and physiological information in the same study (1) . Targeted contrast agents are useful for highlighting specific molecules in the body (2) , whereas responsive contrast agents enable quantitative diagnostics using MRI. The concentration of contrast agents decreases over time owing to systemic clearance (3); some magnetic resonance (MR) methods, such as dynamic contrast-enhanced imaging, exploit this clearance of contrast agent to make inferences about the underlying physiology. Some applications, however, require a consistent concentration of contrast agent for repeatable, accurate, and quantitative measurements (4), and an internal control must be added to account for the time-changing concentration. Repeat measurements to track the progression of disease or the response to treatment also require a new bolus injection of contrast agent. These additional injections introduce uncertainty in the measurements, and the safety of long-term exposure to the contrast agent must be investigated. We describe a novel solid contrast agent that eliminates these issues to enable longitudinal imaging sensitive to oxygen. It consists of a contrast agent embedded in an injectable polymeric matrix where the matrix ensures the retention of sensitive agents in the target tissue for extended periods of time. We believe that these agents will find use in clinical medicine by enabling quantitative measurements of specific local metabolites in chronic conditions.
One area where longitudinal imaging can affect clinical decision making is sensing of local oxygen tension. Oxygen plays an important role in many pathological processes, such as cancer (5) , peripheral vascular disease (6) , and wound healing (7) . Oxygen delivery in cancer can be limited transiently by perfusion interruption or chronically by increases in diffusion distance (8) ; both of these mechanisms result in hypoxia. Hypoxia in cancer confers resistance to radiotherapy (9, 10) , impedes the action of chemotherapeutic agents (11) , and promotes metastasis (12) . Recent studies have attributed the low efficacy of drugs designed to target hypoxia to the lack of a suitable companion diagnostic assay (13) (14) (15) . A diagnostic assay for selecting appropriate patients for hypoxia-targeted treatment or doses for radiotherapy would need to report oxygen status in the tumor at multiple time points during the course of treatment, because the tumor oxygen tension is dynamic and changes in response to treatment (16) . There is a need for an oxygen assay that can provide oxygen information in the same location so that follow-up data can be used to evaluate treatment efficacy. Earlier attempts to measure oxygen with polarographic needle oxygen electrodes provided important evidence of hypoxia in human tumors, but oxygen electrodes have limited clinical applications owing to the invasiveness of the measurement procedure (17) . Technologies currently used in the clinic for monitoring oxygen are only useful in areas with sufficient blood flow [pulse oximetry (18) ], that are close to the surface [transcutaneous oximetry (19) ], or that have limited changes in oxygen tension [fiber optic probes (15) ]. Magnetic resonance methods, such as electron paramagnetic resonance (20) and 19 F oximetry (21) , provide direct measurement of local oxygen tension but require specialized equipment not currently present in most medical centers. Other MR technologies, such as blood-oxygen-level-dependent and tissue-oxygen-level-dependent Significance Information on tissue oxygen tension is critical to the successful treatment of many human diseases. Clinical decisions for diseases such as cancer benefit from knowing how oxygen tension changes in response to treatment. Acquiring this knowledge obviously requires a series of measurements and is limited currently by the use of invasive oxygen electrodes. We have developed an oxygen-sensitive MRI contrast agent for chronic oxygen tension measurements. This contrast agent can be delivered with a small-gauge needle that is minimally invasive, and subsequent measurements are entirely noninvasive. The material is stable in the body for at least 1 mo, and we envision that other types of responsive contrast agents can be used with this technology to detect different metabolites. This article is a PNAS Direct Submission. S.E.F. is a guest editor invited by the Editorial Board. 1 To whom correspondence should be addressed. E-mail: mjcima@mit.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1400015111/-/DCSupplemental. contrast imaging, are qualitative in nature and do not report absolute tissue oxygen tension (15, 22) .
MRI contrast agents are compatible with existing equipment in the clinic, but the clearance of the contrast agent prohibits long-term monitoring. Several technologies have previously been developed to compensate for variations in contrast agent concentration (23) . These methods typically require measurement of multiple parameters or established perfusion models to compensate for the concentration changes (24) . Our matrix-embedded contrast agent performs measurements independently of perfusion, is not cleared, and shows no loss in performance after 1 mo in vivo.
Results and Discussion
The contrast material is composed of two components: The first is a polymeric matrix that serves as structural support, and the second is a contrast material that generates the response to the target analyte (Fig. 1) . The polymeric matrix forms a depot once injected that retains the responsive material for long durations (1 mo or more). The depot can then be interrogated using clinical MR imagers with standard clinical pulse sequences. Signal from the responsive material is isolated from the signal from the matrix material and surrounding tissue using fat or water suppression sequences. The contrast agent concentration remains constant, so the variation of contrast agents is eliminated; no additional controls are needed.
A contrast material for oxygen must not cause any adverse reaction to the surrounding tissue, nor should it be affected by tissue motion or physical stress. Additionally, it needs to respond quickly and reversibly to changes in oxygen tension. Molecular oxygen is paramagnetic and reduces the longitudinal relaxation time of the hydrogen nuclei on neighboring molecules (Supporting Information, section S1). The longitudinal relaxation time of linear siloxanes has previously been reported to vary with oxygen partial pressure (25) , and we exploit this property and use the materials to measure oxygen tension. The MR signals obtained from siloxanes are dependent on oxygen partial pressure and are used directly for the measurements, unlike metal-ion based contrast agents that modulate the relaxivity of surrounding water protons. A panel of four linear siloxane molecules with two to five silicon atoms was screened for oxygen sensitivity over the physiologically relevant range of 0-760 mmHg. The siloxanes respond to changes in oxygen partial pressure quickly and reversibly. The longitudinal relaxation rates, T The matrix for supporting the contrast agent must also not cause an adverse tissue response. Polydimethylsiloxane (PDMS) was chosen as a suitable polymeric matrix for the siloxanes. It is biocompatible, inert, and tolerant to a variety of fabrication methods. PDMS is also highly permeable to oxygen and is miscible with the linear siloxanes. Thus, it is not expected to inhibit oxygen diffusion into the siloxane.
Although the rf pulse used in these studies excites the protons in both PDMS and low-molecular-weight siloxanes (Fig. S1 ), the PDMS signal is eliminated using a spin-echo sequence with long echo time. PDMS, similar to many polymer materials, has a low transverse relaxation time, T 2 . The signal from PDMS decays rapidly owing to its low T 2 and only comprises a minimal portion of the overall acquired signal under this long-echo condition; PDMS is thus rendered "transparent" (Fig. 3A) . The long relaxation time of the embedded siloxane is preserved, and there is minimal contribution from the PDMS to the overall relaxation time. This property was verified by comparing the T 1 of neat siloxanes to that of 70% siloxanes incorporated in PDMS (Fig.  3B) Fig. 1 . The concept presented in this paper. The solid MRI contrast agents enable signal retention by enclosing the responsive material in a polymeric matrix. Signal from the matrix material and muscle tissue background can be suppressed with appropriately chosen pulse sequence parameters, and unwanted signal is excluded with proper region of interest (ROI) selection. An automated script then calculates the relaxation times and extracts the metabolite concentrations. This metabolic information can be overlaid on anatomical features as shown in the figure. much longer than the T 1 of PDMS. The two materials can, therefore, be optimized independently: The matrix can be selected for its physical properties and its ability to retain the sensing agent, and the linear siloxane can be chosen to optimize the oxygen measurement.
We selected dodecamethylpentasiloxane (DDMPS) as the contrast material for in vivo experiments because its shorter relaxation time reduces the scan time and the overall study duration. The oxygen response of DDMPS embedded in PDMS was characterized using MRI, and its calibration curve from 0-760 mmHg oxygen partial pressure was acquired at three different temperatures. The measured longitudinal relaxation rate of the embedded DDMPS is linear with oxygen partial pressure (Fig. S2) , which is similar to liquid DDMPS. Our results show that a change of less than 15 mmHg oxygen partial pressure near the hypoxic levels can be reliably detected (Supporting Information, section S2). The sensitivity is limited by the accuracy with which the relaxation time can be measured, which can be improved by increasing the acquisition time or increasing the voxel size. The response kinetics of embedded DDMPS is comparable to the liquid siloxanes and steady state is reached in less than 10 min (Fig. 4) . The response kinetics were captured by recording the image intensity every 2 min; the intensities were normalized relative to the first image in the series.
We also tested DDMPS retention in the PDMS matrix by examining the weight change of embedded DDMPS over time (Fig. S3) . Whereas DDMPS gradually escapes from the devices exposed to air, devices immersed in deionized water and FBS at 37°C for over a month showed less than 1% weight change. The lack of weight loss for sensors placed in an aqueous environment can be attributed to the low solubility of siloxanes in those solutions. Thus, the aqueous solution creates a barrier for transport of low-molecular-weight siloxanes into the headspace of the container. Although it is not possible to quantify the amount of siloxane retained in vivo, this result suggests that the siloxane will be retained long-term in the body. We tested device stability for a month in vivo by monitoring its performance as a sensor, as described below.
An inspired-gas model in rats was used to compare the stability of our sensors to results published in the literature on conventional liquid contrast agents. Inspired-gas change is a reliable method for establishing different oxygen tensions in vivo and provides a reference point for different studies (26) . Fig. 5A shows the data acquired in an experiment performed 30 min after sensor injection. It can be seen that the particles formed a depot after injection. Depot formation was achieved via a filtration mechanism and no specific interaction with PDMS was required. The particles coalesce into a single sensor once the saline has filtered into the surrounding tissue. Most tissue has sufficient connective matrix to act as an appropriate filter, but these sensors are not suitable for injection into arterial, venous, or cerebrospinal fluid. The measurement results correlate well Fig. 3 . The signal from PDMS can be suppressed by choosing an appropriately long echo time. (A) MRI scans of phantoms containing different siloxanes. The phantoms were in glass tubes and were immersed in a container filled with DI water to minimize magnetic susceptibility differences. PDMS has a T 2 of 20 ms at 7 T, and the average Intensity of PDMS phantom drops to less than 20% of its initial value at an echo time of 100 ms. Coupled with a lower initial intensity value, signal from PDMS would constitute less than 1% of acquired signal at 100 ms; 70% DDMPS 30% PDMS phantoms have lower intensity values throughout the measurement period owing to an effectively smaller amount of sample but the extracted T 2 value is not significantly different from pure DDMPS. (Inset) Representative image of phantoms acquired using an echo time of 100 ms. The image was obtained from an axial slice and shows a crosssectional view of the phantoms. Top, PDMS; bottom left, DDMPS; bottom right, 70% DDMPS 30% PDMS. (B) Comparison between neat siloxane and siloxane incorporated into PDMS at 70 wt/wt percent in air (n = 3). The relaxation rates of neat siloxane material are not significantly different from material incorporated into PDMS, indicating that signal from the PDMS matrix can be effectively suppressed. The data points are based on six measurements in the MRI at 37°C and error bars represent SDs of measurements. Fig. 4 . Kinetics of response of 70% DDMPS 30%PDMS phantoms are similar to liquid DDMPS. These phantoms were exposed to changing oxygen partial pressure in the MRI, and image intensity was used as a surrogate indicator of T 1 . Images were taken every 2 min with a coronal orientation and the intensity in the phantoms was averaged to estimate time to steady state. We found that steady state was achieved in less than 10 min for phantoms of all sizes.
with the expected changes in tissue oxygen level in each animal, and sensor T 1 started changing within 5 min of inspired-gas switch and reached steady state within 10 min.
We examined the functional stability of the injected sensors by repeating the inspired-gas experiment with the same animals 4 wk postinjection. The kinetics of response of the injected sensors was the same as and correlation with pulse oximetry readings was similar to (Fig. 5B ) the previous set of experiments. Liquid siloxanes directly injected into a tissue site have a half-life of 35 h as reported in a recent paper by Kodibagkar et al. (25) . Neither the kinetics nor dynamic range of the sensors was reduced over the 4-wk period, suggesting at least one order of magnitude improvement over a simple liquid contrast agent injection. The MRI slice orientation may vary slightly between studies, but we do not expect the overall shape of the sensor to have changed over the implantation period. The measurement is also not dependent on the shape of the depot because we only need sufficient volume to measure the T 1 of the material. The rat muscle was excised 4 wk after injection for histological examination. The solid depot of injected sensors can be seen wedged in between muscle fibers, and there was minimal evidence of inflammatory reaction or fibrous capsule formation after the particles were implanted for 4 wk (Fig. 5C ). The lack of sensor migration or performance degradation is essential for long-term monitoring because it ensures that the same region is measured in subsequent imaging sessions.
We simulated the effects of compressive injury with a hindlimb ischemia model. An inflatable pressure cuff restricted blood flow to the limb and increased the local compartment pressure. This model tested the variability of the injected sensors with changes in blood flow and when subjected to movement and physical stress. Previous studies have shown transcutaneous oxygen tension measurements to be susceptible to factors such as local blood flow and arterial oxygen content (19, 27) , and we found that the pulse oximeter readings became unstable when circulation was restricted. The contrast agents described in this paper directly detect decreased oxygen levels caused by the increased compartment pressure (Fig. 6) and are unaffected by changes in blood flow. The depot of contrast agents was not damaged or displaced when the compartmental pressure was elevated, making the sensor suitable for use in locations where movement or physical stress is expected.
We have shown that these materials provided a way to accomplish long-term monitoring of oxygen tension in vivo. These injectable solid contrast agents allow for monitoring of specific tissue sites independently of blood flow compared with other MR-based approaches. This should allow clinicians to monitor regions with poor perfusion or conditions involving compromised A linear regression line is used to find the correlation between sensor measurements and pulse oximeter readings. The values of the regression slopes are similar in both measurements, indicating similar correlation between pulse oximeter readings and sensor measurements over the 4-wk period. Deviations from the line are likely due to variations in local tissue oxygen level and differences in injection location. Blue, oxygen (initial); red, air; cyan, oxygen (reverse). (C) Maps of extracted oxygen tension can be overlaid on anatomical images to provide both physical and biochemical information. These two representative MRI images are coronal slices of the leg and are taken from animals breathing oxygen (Left) and air (Right). (D) H&E-stained micrographs showed that the 70% DDMPS/PDMS microparticles fused into a depot that resisted migration after injection. There is minimal foreign body reaction to the injected microparticles as evidenced by the thin fibrous capsule surrounding the injection site.
blood flow. We have additionally demonstrated that these sensors would stay functional in the same tissue site for at least 4 wk; this allows for longitudinal imaging to monitor the same tissue site and eliminate possible spatial or temporal variations of contrast agent concentration.
The polymeric matrix retains the contrast agent in the local tissue site and lends biocompatibility to the sensor. Silicones are among the most widely used biomaterials and have demonstrated excellent safety profile in vivo (28) . It is the matrix that determines the physical properties of the sensors, and it should be selected based on its physical properties and compatibility with the responsive contrast material. The signal from the material can be eliminated with appropriate pulse sequence parameters to ensure maximum contrast from the sensitive agent.
Whereas this paper demonstrated a solid contrast agent for measuring oxygen tension, the same concept can be extended for use with other responsive contrast agents. A variety of contrast agents have been used in MRI studies to highlight tissue structures; "smart" contrast agents, designed to respond to changing environmental conditions, are gaining importance in both the research and clinical community (29) . Targets of these contrast agents include specific metabolites such as oxygen (25) and pH (30) and proteins involved in enzymatic reactions (31) . Similarly, a number of biocompatible polymers, in addition to the silicones used in this study, could be used to hold these contrast agents in place.
Some of the potential applications listed require different sets of contrast agents or polymeric matrices to be implemented. Two design criteria need to be satisfied for successful implementation of this concept. The first criterion is a matrix that retains the contrast agents (i.e., with favorable partition coefficient) and is permeable to the analyte of interest. The second criterion involves a mechanism for contrast generation. Oxygen molecules are inherently paramagnetic and increase relaxation rate of surrounding molecules, but other responsive contrast agents can be used with analytes that are nonmagnetic to enable their detection. An important point of consideration in designing these contrast agents is that they should be compatible with existing medical practices and equipment. Importantly, proton MRI scanners are readily available in most medical centers. The longterm retention of the sensor can also be used to mark a specific location within the body. Fiducial markers, commonly used to mark a location for serial imaging or treatment sessions (32) , can potentially be used to provide chemical information in addition to a spatial reference point with the concept described in this paper.
Materials and Methods
Contrast Agent Synthesis. Sylgard 184 from Dow Corning was used to form the support matrix for the siloxanes. After a 10:1 mixture of vinyl-terminated PDMS base/curing agent was prepared, liquid siloxane (Sigma-Aldrich) was added to the mixture to form a solution of PDMS/siloxane. This solution was then heat-cured at 80°C for 90 min to form fully cross-linked PDMS devices with liquid siloxanes contained within.
Microparticles were created as an oil-in-water emulsion. The PDMS/siloxane base solution was first added to a deionized (DI) water solution of 5 wt/wt percent Vitamin E-TPGS (Sigma-Aldrich). The final mixture consisted of 30% (vol/vol) of siloxanes in water with a total volume of 10 mL. This mixture was then subjected to high shear forces with a tissue homogenizer (Silverson Machines) to form a suspension of PDMS/siloxane microparticles. The homogenizer was run at 5,000 rpm for 4 min with a high shear screen and a square-hole work head. The resulting emulsion was then heat-cured under stirring in a water bath at 65°C overnight to form solid microparticles (Fig. S4) .
The particles were washed three times with DI water to remove the excess surfactants. The particles were first centrifuged at 600 × g for 5 min. The supernatant was then removed with a Pasteur pipette. DI water was then added back to the container at a 10:1 volume ratio of DI water: particles and then vigorously mixed with the particles. The particles were resuspended in sterile saline before injection.
Relaxation Time Measurement. Proton relaxation times were measured using a benchtop NMR relaxometer (Minispec mq20; Bruker) with a 0.47-T static field. Relaxation rates were measured using an inversion recovery pulse sequence with the signal intensity measured at 13 recovery times. Intensity data averaged over four scans were fitted to the equation I = I 0 1 − 2e − t T 1 to extract the relaxation time.
MRI. MRI was performed using a 7-T small animal imager (Agilent). The imaging protocol included a scout pulse sequence for locating devices and a fast spin-echo sequence with inversion recovery for performing T 1 measurements with the following parameters: matrix size = 64 × 64, field of view = 32 mm × 32 mm, slice thickness = 2 mm, echo time (TE) = 12.5 ms, echo train length = 16, and kzero = 8. The effective TE of sequence used was 100 ms. Repetition time was adjusted depending on the T 1 of particular samples and was set to at least 3× measured T 1 . Eight inversion times, separated exponentially, were used to generate data for T 1 mapping. The measurements were performed in a quadrature volume coil that measures 63 mm in diameter. The excitation pulse and refocusing pulses had a 3-kHz bandwidth, and the receiver bandwidth was 100 kHz. No presaturation pulses were applied for these studies.
Gas Composition Modulation. A gas mixer was used to produce a gas stream with different oxygen concentrations for these experiments. Nitrogen was used as a balance gas for a preset amount of oxygen in the gas stream (i.e., a 21% oxygen gas stream would be balanced with a 79% of nitrogen). The gas mixer contains a flow meter and feedback system to ensure that the composition of the gas stream stays constant.
Sensor Injection. The sensor in these experiments was formed by injecting a 30-μL bolus of 70% DDMPS 30% PDMS microparticles into the calf muscle of Sprague-Dawley rats. This particles suspension had a solid fraction of roughly 66% vol/vol. The microparticles aggregated into a depot that became a single sensor once injected. Because ∼20 μL of solid material was present in the depot, the equivalent spherical diameter is 1.68 mm. A pulse oximeter clipped to the rat toe provided a secondary indicator of oxygen level in the rats.
Inspired-Oxygen Experiment. All experiments were conducted in accordance with the guidelines of the Committee on Animal Care at Massachusetts Institute of Technology. The rats were anesthetized using 2% isoflurane in oxygen. Microparticles consisting of 70% DDMPS and 30% PDMS were injected into the calf muscle of each rat. The rats were placed into the MRI under anesthesia after contrast agent injection. Each rat was imaged for 1.5 h with the experiment divided into three segments: a baseline measurement for the first 30 min with the rat breathing oxygen, then an experimental measurement for 30 min with the rats breathing medical air, and finally recovery measurement for 30 min with the rats breathing oxygen. The rats were scanned every 5 min and monitored to ensure proper respiration and heart rate throughout the experiment. An MR-compatible forced warm air circulator maintained the animals' body temperature throughout the imaging study.
Hind-Leg Compression
Study. An inflatable pressure cuff was placed proximal to the injection site on the rat's leg and was inflated after a baseline measurement was taken. The pressure was applied in a stepwise pattern, first increasing from 0 mmHg to 75 mmHg and then to 150 mmHg. A pulse oximeter on the rat's toe served as a secondary oxygen indicator similar to the inspired-gas experiments.
MRI Data Analysis. The voxels containing the contrast agents were isolated using specific MRI pulse sequence parameters and postprocessing with MATLAB. The tissue background was minimized with a pulse sequence with long TE; this allows a script written in MATLAB to automatically extract the intensity of pixels containing the sensor. The script identifies the pixels containing contrast agent by differentiating areas with high intensity from areas with low intensity in a selected area of interest. The area of interest selection was done by the user to approximate the location of the injected contrast agents to ensure selection of the correct pixels.
Once the voxels corresponding to the siloxane depot were identified, the data were analyzed in two different manners. The first approach treats each pixel independently as an individual sensor. The intensity of each pixel is mapped to the inversion recovery equation to I = I0 1 − f inv e −t T 1 using MATLAB to obtain the longitudinal relaxation time. f inv represents the effective fraction of inverted protons and accounts for equipment or pulse sequence imperfections (33) . A T 1 map resulting from this analysis can then be converted to give a map of oxygen partial pressure. The map can also be overlaid on anatomical features to relate oxygen partial pressure to tissue structures. The second approach treats the injected contrast agents as a single sensor. Intensity was averaged across the selected pixels and was fitted to the same equation using MATLAB. This relaxation time can then be converted to oxygen partial pressure with a calibration curve.
